We describe high efficiency thin-film InP solar cells that utilize a periodic array of TiO 2 nanocylinders. These nanophotonic resonators are found to reduce the solar-weighted average reflectivity of an InP solar cell to ~1.3%, outperforming the best double-layer antireflection coatings. The coupling between Mie scattering resonances and thin-film interference effects accurately describes the optical enhancement provided by the nanocylinders. The spectrally resolved reflectivity and J-V characteristics of the device under AM1.5G illumination are determined via coupled optical and electrical simulations, resulting in a predicted power conversion efficiency > 23%. We conclude that the nanostructured coating reduces reflection without negatively affecting the electronic properties of the InP solar cell by separating the nanostructured optical components from the active layer of the device.
Introduction
Thin-film photovoltaics have provided a critical design avenue to help decrease the overall cost of solar power. However, a major drawback of thin-film solar cell technology is decreased optical absorption, making compact, high-quality anti-reflection coatings of critical importance to ensure that all available light enters the cell. Various photonic designs have been utilized to raise the efficiency of these cells beyond the enhancement provided by traditional thin-film dielectric antireflection coatings (ARCs), including nano-textured transparent conducting oxides (TCOs) [1, 2] , nanostructured dielectric reflectors [3] [4] [5] [6] , plasmonic structures [7] [8] [9] [10] [11] , etc. The success and limitations of these strategies (including parasitic absorption and wavelength and angle sensitivity) only further emphasizes the need to take advantage of other optical mechanisms to increase absorption in thin-film solar cells.
A recently proposed novel antireflection and photonic design concept was suggested using a periodic square array of subwavelength nanocylinders (NCs) on silicon (Si) [12] . These structures utilize Mie resonances, which couple to leaky optical modes in the high-index Si substrate, reducing the reflectance of the device to less than 8% over the entire spectral range [12] . Resonances in the Si nanostructures have been found to exhibit strong dependences on different geometric parameters such as nanocylinder diameter and array period [13] . Additional studies have shown that these types of nanostructures can be fabricated via inexpensive processes such as nanoimprint lithography, and exhibit significant light absorption enhancement in thin-film silicon solar cells [14, 15] . While these nanostructures and design techniques have yielded substantial improvements for Si, thin-film III-V photovoltaics with thicknesses < 1 μm offer the possibility of even higher efficiencies. III-V materials, though expensive to manufacture, offer significant benefits such as radiatively limited recombination [16] [17] [18] , large absorption coefficients [19] , high conversion efficiencies [20] [21] [22] , and the possibility of built-in optical concentration [23] . The large absorption coefficients of direct bandgap III-V materials such as gallium arsenide (GaAs) and indium phosphide (InP) result in higher absorption using less material. Thus, nanoscale optical coatings may result in similar performance enhancements using even thinner layers than can be achieved with Si-based devices; however, a potential disadvantage of nanostructuring is the possibility of increased non-radiative recombination processes [24, 25] .
Because nanostructuring a material results in increased surface area and possibly substantial surface damage, the potential avenues for surface recombination to occur increase dramatically with surface nanostructuring. Though GaAs is the prototypical III-V photovoltaic material due to its ideal bandgap and high conversion efficiency, InP has the potential to perform similarly well and has a lower surface recombination velocity [26] . This quality makes InP an excellent candidate to explore nanostructured photovoltaic design concepts, and InP nanowire-based photovoltaic devices have already demonstrated great promise [27, 28] . Here we show that InP solar cells with nanostructured coatings can outperform devices with traditional thin-film antireflection coatings through a combination of scattering resonances and thin-film interference effects. Further, we show that the device can perform as well as advanced multilayer ARCs, but without the need for multilayer coatings. Finally, we find that a nanostructured TiO 2 film can further reduce reflection below that of a device consisting only of InP, enabling a nanophotonic coating that does not affect the electronic properties of the underlying material.
Nanophotonic resonators for InP
A simple nanophotonic structure made completely of InP is shown in Fig. 1(a) . We perform three-dimensional finite difference time domain (FDTD) simulations to calculate the reflection and quantify the optical performance of these nanophotonic resonant structures. The structure is illuminated with normally incident light from a broadband (λ = 350 nm to 925 nm) plane wave optical source, corresponding to the above bandgap components of the solar spectrum for InP. For all of our simulations, we assume ambient room temperature conditions (T = 300K), which we used to obtain our value for the cutoff wavelength for InP [29] . We define a simulation region based on the specific geometry of the nanocylinders (periodicity and height). A single unit cell is simulated, with periodic boundary conditions to replicate the periodic square array of nanocylinders. Periodic hexagonal arrays of these structures were also investigated, but the results had negligible deviations from the square array results, leading us to focus on square arrays for simplicity. We use a perfectly matched layer (PML) boundary condition at the bottom of the simulation volume to simulate an infinitely thick layer of InP, which allows us to study only the coupling of the incident light into the InP without additional effects due to light reflection off the back surface. Simulations of finite thickness samples in a device-like architecture are discussed in Section 4. In all of the simulations, the mesh size was refined until there was negligible change in the reflectance spectrum, typically less than a few hundredths of a percent (corresponding to mesh sizes ~1 nm). Wavelength-dependent optical data (n,k) was obtained from Ref [19] . for InP and Ref [30] . for TiO 2 . Over the relevant spectral range (λ = 350 nm to 925 nm), the real part of the refractive index is ~3.7 for InP and ~2.5 for TiO 2 .
To determine the optimal geometries for the nanophotonic resonant structures, we perform parameter sweeps and find the minimized solar-weighted reflectivity. We calculate the solarweighted reflectivity using the spectrally resolved reflectivity from the nanostructured solar cell, R(λ), weighted by the solar photon flux from the AM1.5G spectrum at each wavelength, φ AM1.5G (λ), which is integrated over the available wavelengths (λ min = 350 nm to λ g = 925 nm, the bandgap wavelength): min min 1.5
Using this figure of merit [Eq.
(1)], we obtain contour plots of the solar-weighted reflectance as a function of nanocylinder diameter and period [ Fig. 1(b) ]. We performed these optimizations for four nanocylinder heights from 50 -200 nm and found that InP nanocylinders with a height of 100 nm, diameter of 120 nm, and array period of 180 nm minimized the solar-weighted reflectance from the cell. We then calculated the electric field intensity profile for this optimized geometry (shown for an incident wavelength of λ = 458 nm in Fig. 1 
(c) -inset).
In order to quantitatively compare the optical performance of the nanostructures to current optical design methodologies, we perform reflectance simulations identical to those completed on the nanostructures with various antireflection coating materials [ Fig. 1(c) ]. For bare InP with no optical coating, the solar-weighted average reflectance is 37% and is much larger than any option with a coating. Silicon nitride (Si 3 N 4 ) is a typical material used as a dielectric single-layer antireflection coating for photovoltaic cells. We find that the optimal thickness for this layer on our InP cells is 50 nm, which resulted in a solar-weighted average reflectance of 7.5%. However, our InP nanocylinder arrays perform even better than this antireflection coating, with a 3.7% solar-weighted average reflectance and significant reflectivity suppression throughout the visible. Two pronounced minima occur in the reflectance data for the InP NCs in Fig. 1(c) . The minimum at λ = 458 nm shows strong forward scattering into the InP substrate as a result of a Mie-like resonance, while the minimum at λ = 599 nm results from a thin-film interference effect. Both the Mie resonance and thin-film interference effects are described in Section 3. These results provide strong evidence that optically designed nanostructures have significant potential as antireflection layers, and that this effect is not limited to Si but may be beneficial for many thin-film high index absorber materials, e.g. InP, GaAs, etc. For these direct bandgap materials, the antireflection properties of the nanostructures become more important than the light trapping properties because nearly 95% of the entering light (at λ = 900 nm) can be absorbed within a 1 μm InP cell with a back reflector. However, for a 1 μm Si cell with a back reflector to absorb a similar fraction of the above bandgap spectrum, a light trapping factor (i.e. path length enhancement) of 16 would be needed. Thus, for thin-film (~1 μm) direct bandgap semiconductors, the design of high quality anti-reflection coatings is of greater importance. To avoid potentially increased surface recombination resulting from a textured active layer, we also explored the use of nanostructured titanium dioxide (TiO 2 ) coatings on InP solar cells as a means to maintain similar optical enhancement without negatively impacting the overall device performance. Further, it has been shown that TiO 2 is a highly effective passivating layer when used as a coating on InP [31] , may be used as a highly efficient holeselective contact [32] , and provides substantial optical improvement when used as a nanostructured coating on Si [33] . We have also included a thin TiO 2 spacer layer separating the nanocylinders from the InP active layer, which would aid with surface passivation and improved optical performance in a fabricated device. By performing the same optimizations and analyses on these TiO 2 nanostructures as the InP nanostructures, we determined that a 30 nm thick spacer layer provides the lowest solar-weighted reflectance over the full spectral range regardless of nanocylinder geometry. These optimizations revealed that TiO 2 nanocylinders with a height of 100 nm, diameter of 180 nm, and array period of 320 nm minimize the solar-weighted reflectance, with a solar-weighted average reflectance of 1.3% over the spectral range [ Fig. 1(c) ], even surpassing the performance of the optimized dual layer ARC (3.1% solar-weighted average reflectance) used in the world record InP device [22] . Additionally, these coatings provide reduced reflection over a wide range of off-normal incidence angles [ Fig. 1(d) ].
Mechanisms for improved optical performance
We can gain more insight into the optical mechanisms behind the advantages of these TiO 2 nanostructures by considering the spectrally resolved reflectance as a function of diameter and period [ Fig. 2] . Variations in the reflectance versus nanocylinder diameter can reveal information about localized modes in these structures, while pitch variations can uncover information about the coupling between different nanostructures as a result of grating and diffraction effects. There are two large regions of minimal reflectance (near λ = 454 nm and λ = 570 nm) for the optimized geometry, which can be explained by the combination of two different optical effects. The first is that of a Mie resonance, which originates at wavelengths between 400 and 450 nm for small nanocylinder diameters and intersects with the optimized geometry (denoted as dashed vertical lines in Fig. 2) at the first local minimum in the reflectance spectrum (λ = 454 nm). This resonance is verified by the field intensity profile shown in the inset. The field profile is qualitatively similar to that of Fig. 1(c) (for InP NCs) with two high intensity lobes at the top corners of the nanocylinder and strong forward scattering into the substrate. This is primarily the result of light from a Mie resonance in the nanostructure coupling into leaky optical modes in the high index InP substrate [12] . The second minimal reflectance region is seen near λ = 570 nm for the optimum geometry, which is more pronounced for diameters larger than the optimum (labeled as thinfilm effect in Fig. 2(a) ) and for array periods smaller than the optimum (labeled as thin-film effect in Fig. 2(b) ). This minimal reflectance region can be attributed to a thin-film effect provided by the nanocylinders acting as a layer with an effective refractive index. The mixture of the high index TiO 2 nanocylinders and the surrounding air acts as a thin-film with a thickness governed by the nanocylinder height and an effective index that is calculated as a volume weighted average of the refractive indices of the two materials (TiO 2 and air): 
where n TiO2 is the refractive index of TiO 2 , n air = 1, d is the nanocylinder diameter, and p is the periodicity. In fact, the entire structure can be approximated as a dual layer ARC, with a top layer described by the effective index determined by the nanocylinders [Eq. (2)] and a bottom layer described by the TiO 2 spacer layer [ Fig. 3 ]. To verify this effect, we ran optical simulations of a dual layer ARC with a top layer consisting of an effective index determined by [Eq. (2)] (representing the NCs) and a bottom layer of 30 nm of TiO 2 for the spacer layer. The results are shown in Fig. 3(a) , which indicate clear quantitative and qualitative agreement with the data from Fig. 2(a) , capturing the thin-film effect for long wavelengths and large NC diameters. For the optimized geometry [ Fig. 3(b) ], the dual layer ARC model accurately reproduced the long-wavelength broadband reflectance suppression while missing the short wavelength reflectance minimum due to the resonant mode. While the strategy to reduce reflection via a combination of Mie resonances and thin-film coating effects is quite general, the refractive indices of the materials used in this study are particularly beneficial. On its own, TiO 2 (with a refractive index of ~2.5 over the visible spectrum) is not a great thin-film dielectric antireflection coating for InP due to its large index contrast with air. However, the inclusion of the NC coating layer (which has n eff = 1.39 for the optimized structure), enables a graded index-like behavior. This combination of materials yields an index of refraction profile that more gradually transitions from air (n air = 1) to InP (n InP = 3.7) through the inclusion of two additional layers with n eff = 1.39 and n TiO2 = 2.5, thus yielding a better impedance match between air and InP. Additionally, in Fig. 2(b) there is another unique spectral feature characterized by a reflectance minima at wavelengths equivalent to the array period. This feature is the consequence of a Rayleigh anomaly, which appears for similar structures on Si [12] , and describes a dramatic change in the diffracted field from a grating as the result of a scattered wave emerging tangentially to the grating surface [34] . The scattered light traveling with a momentum in the plane of the nanocylinders is more strongly absorbed in the nanocylinders, causing the large reflectance dips in the spectrum at those specific wavelengths. Figs. 2(a)-2(b) ], and the dotted lines indicate a spectral feature that can be described by a specific optical effect. (b) Comparison between the reflectance spectra for the optimized nanostructured device (NC height = 100 nm, period = 320 nm, NC diameter = 180 nm) and a simple effective index model for this optimized NC geometry.
Electrical simulations and device characteristics
In order to quantify the device performance enhancements resulting from our TiO 2 nanostructures, we use the results from the optical simulations as inputs in electrical device simulations to determine the expected power conversion efficiencies. For the optical simulations, we again use the FDTD method and vary the InP thicknesses, including an ideal metal back reflector. Using the spatially resolved absorption profile, the generation rate is calculated, assuming one electron-hole pair per absorbed photon [9] . This rate is used to determine the carrier dynamics in electrical device simulations using a finite-element based software platform (Lumerical DEVICE) to solve the semiconductor drift-diffusion equations. We design the photovoltaic device for these simulations using a nominal p-i-n structure for a solar cell, with a background p-doping concentration of 10 15 cm −3 [ Fig. 4 ]. The cell is illuminated from the top surface, which consists of an 80 nm thick doped n + (10 19 cm
) InP layer. Below lies the intrinsic p-layer with the background concentration, which makes up the base, and finally another 80 nm thick doped InP layer, this time with p + (10 19 cm −3 ) doping [ Fig. 4 ]. This doping profile is optimized within reasonable limits and based on the generation rates within the active InP layer obtained from the optical simulations (Lumerical FDTD). The optical data for these doped layers of InP is assumed to be the same as that of the intrinsic material. We assume ideal ohmic contacts at flatband voltage conditions, and the device model includes modest surface recombination velocities (S = 10 7 cm/s) at the interfaces between the active layer and the contacts [26] . The device simulations also incorporate radiative and non-radiative (Shockley-Read-Hall (SRH) and Auger) recombination mechanisms in the InP active layer. For SRH recombination we use a bulk minority carrier lifetime of 10 −8 s in the p-doped base layer and 3 x 10 −6 s in the n-doped emitter. We assume a radiative recombination rate of 2 x 10 −10 cm 3 /s and an Auger coefficient of 9 x 10 −31 cm 6 /s. All of the above values were obtained from Ref [29] . and were utilized to recreate the electronic conditions seen in a real device.
Optical simulations yield the generation rate profiles, integrated over the full spectrum to yield the number of electron-hole pairs generated per volume of InP per second [Figs. 4(a)-4(c)]. The three generation rate profiles shown were obtained for an InP layer thickness of 1 μm because they demonstrated the best optical and electrical performance, though simulations were performed for 0.5, 1, and 2 μm thick InP layers. The generation enhancement is clearly seen in these images, as the carrier generation, particularly in the top half-micron of InP, increases for the Si 3 N 4 and TiO 2 NC coatings compared to the bare InP. In particular, the strong forward scattering of light from the TiO 2 nanostructures into the InP results in a high generation rate in the top half of the cell. The various minima in the lower half of the generation rate profiles are due to optical interference effects between the incident light and the reflected light from the back reflector. The calculated generation rate profiles are input into the electrical simulations, which calculate the specific solar cell device parameters as well as the J-V characteristics [ Fig. 4(e) ]. Table 1 summarizes the results of our device simulations for each thickness of the InP active layer.
The large short-circuit current density enhancement is clearly seen in the data, as expected due to antireflection effects provided by our nanostructured optical coating. The > 23% efficiency of this device is a result of improved current density and voltage in our proposed design while simultaneously reducing cell thickness. However, the parameters of our simulation define idealized conditions, namely an ideal back reflector, idealized contacts, perfect periodicity, and no damage to the device due to additional processing. Some of these conditions may be unable to be met in a fabricated device, which would likely reduce the power conversion efficiency. We also note that the slight improvement of the fill factor as the active layer thickness is reduced [ Table 1 ] is likely due to improved carrier transport and collection. To further extend the practical implications of our design, we performed simulations to determine the effects of encapsulation of these cells in EVA (ethylene vinyl acetate), the industry standard for encapsulants in commercial solar modules. Following the methodology outlined by Spinelli et. al. [35] , we found that the solar-weighted average reflectance for our optimized structure increased from 1.3% at the air/TiO 2 interface to 5.1% at the EVA/TiO 2 interface, due in part to the onset of backscattered grating orders below wavelengths of 480 nm; however, this structure still outperforms a 50 nm planar Si 3 N 4 coating, which has an average solar-weighted reflectivity of 7% (EVA/Si 3 N 4 interface). An additional 4.4% reflection offset from the glass-air interface will also occur for both of these structures, as is typical for a module [35] . Further studies to optimize these nanostructures within an encapsulant could reveal the versatility of these types of nanophotonic coatings on different materials and in different optical environments. Overall, the thin-film devices with the nanostructured TiO 2 coatings show vastly improved performance compared to both the bare InP and the Si 3 N 4 ARC. Table 1 shows the results of device simulations for InP solar cells with varied active layer thicknesses and optical coating structures. These parameters were calculated from electrical simulations using generation rate profiles similar to those from Figs. 4(a)-4(c) as inputs. Note the significant increase in the short-circuit current density and efficiency between the thinnest active layer and the two thicker configurations. Additionally, for all cases the optimized TiO 2 NCs perform substantially better than the Si 3 N 4 ARC.
Conclusions
In conclusion, we have described high efficiency InP solar cells that use a periodic array of TiO 2 nanophotonic resonant structures to enhance their optoelectronic performance. Geometric optimizations utilizing solar-weighted reflectance as a figure of merit and spectrally resolved reflectance studies have shown that these structures, when properly optimized, can have a solar-weighted average reflectance of 1.3%, outperforming traditional antireflection coatings. Additionally, these nanostructures do not require modification of the absorber layer, which may help reduce complexity and cost, while simultaneously limiting the negative effects of increased surface recombination. These nanostructured optical coatings can push the efficiency of InP cells to > 23%, taking advantage of the coupling between Mie resonance and thin-film interference effects. By using inexpensive industrial fabrication processes such as nanoimprint lithography, these types of structures can be fabricated on other high-index substrates, thus continuing to push the limits of photovoltaic performance.
